This article has been corrected since online publication and a corrigendum is also printed in this issue Y Ravussin, R Gutman, CA LeDuc and RL Leibel OBJECTIVE: To compare, in mice, the accuracy of estimates of energy expenditure (EE) using an energy balance technique (TEE bal : food energy intake and body composition change) vs indirect calorimetry (TEE IC ). SUBJECTS: In 32 male C57BL/6J mice, EE was estimated using an energy balance (caloric intake minus change in body energy stores) method over a 37-day period. EE was also measured in the same animals by indirect calorimetry. These measures were compared. RESULTS: The two methods were highly correlated (r 2 ¼ 0.87: TEE bal ¼ 1.07*TEE IC -0.22, Po0.0001). By Bland-Altman analysis, TEE bal estimates were slightly higher (4.6 ± 1.5%; Po0.05) than TEE IC estimates (Bias ¼ 0.55 kcal per 24 h). CONCLUSION: TEE bal can be performed in 'home cages' and provides an accurate integrated long-term measurement of EE while minimizing potentially confounding stress that may accompany the use of indirect calorimetry systems. The technique can also be used to assess long-term energy intake.
INTRODUCTION
Changes in body mass and chemical composition in response to over-or under-feeding must conform to a biological restatement of the first law of thermodynamics: D somatic energy content ¼ total energy intake À total energy expenditure ð1Þ
Measurement of any two components allows calculation of the third. Each component can be directly measured, but experimental circumstances may favor indirect estimates because of a desire to obtain prolonged measures, the relative accuracies of the respective measurements and the availability of suitable instrumentation.
The energy balance method (EBM) has been used in human studies to estimate energy expenditure (EE) by titrating energy intake (EI) to achieve stability of body weight and composition. 1, 2 Conversely, measures of EE, by the 'doubly labeled water' technique, have been used in conjunction with changes in body composition to estimate EI in human subjects. 3 Rodent models have been used to assess the relationship between food intake (FI) measures with body weight equilibrium using equations derived from the energy balance equation. 4 Mathematical modeling based on the balance equation, using body weight and FI measurements, were recently shown to produce accurate estimates of long-term changes in EE and fat oxidation. 5 Here we describe the validation of an energy balance technique that can be used to measure long-term EE (or intake) in mice. We measured EI and changes in body mass and composition over a 37-day period, and used these measurements to estimate total EE (TEE bal) . These estimates of TEE bal were highly correlated with those obtained by indirect calorimetry (TEE IC ; r 2 ¼ 0.87: TEE bal ¼ 1.07*TEE IC -0.22, Po0.0001). The balance technique is particularly useful for long-term measures of EE and does not require a calorimeter. This balance technique is accurate, can be used long term, low cost and decreases the possible confound incurred by placing mice into new environments that modify behavior and EE. 6 
MATERIALS AND METHODS

Experimental design
Sixteen diet-induced obese (DIO-fed Research Diets Inc., New Brunswick, NJ, USA, D12492i, 60% calories as fat ¼ 'HFD'), and 16 control diet fed (Research Diets, Inc., D12450Bi, 10% calories as fat ¼ 'CON') C57BL/6J male mice were obtained at 18 weeks of age from the Jackson Laboratory (Bar Harbor, ME, USA). These animals had been fed these respective diets since 6 weeks of age. Individually housed animals from both diet groups were randomized to remain on the ad-lib diets (DIO-AL and CON-AL) or to be calorically restricted to decrease their body weight by B20% over a 1-2 week period by twice daily feeding of reduced quantities (50% of ad libitum intake) of their respective diets. After a 20±1% weight reduction, weight-reduced (DIO-WR and CON-WR) mice were provided calories sufficient to stabilize their weights for an additional 23 weeks. Nine weeks after initiation of the weight reduction protocol (Figure 1a , denoted day 0), body weights (daily for all mice) and FI (daily for WR and every 2 days for AL mice) were recorded for the next 93 days, except on days when mice were in the calorimeter. Metabolizable EI (MEI), defined as grams of food ingested per 24 h (weighed using custom-made stainless steel feeding baskets that minimized spillage-Dieter Wenzel, Detmold, Germany) multiplied by the metabolizable energy for the respective diets (5.24 kcal g À 1 for high fat (HFD) and 3.85 kcal g À 1 for the control (CON) diet), was calculated from the FI measurements. The first day of this 93-day period is designated as day 0 (Figure 1a) . The 93 days following day 0 are divided into three measurement periods (Figure 1a ):
1. TEE bal : a 37-day period used to estimate TEE using an EBM (days 0-37) 2. TEE IC : each mouse underwent a 72-h indirect calorimetry session (TEE calculated using last 48 h). These studies were conducted over a 28-day period (days 37-65) in four cohorts of 7 or 8 mice. Body weights of mice were not measured during their time in the chambers; thus, we have excluded all body weight data obtained during this period (see Figure 1a ). 3. All days excluding indirect calorimetry days (when MEI was not recorded) were used to determine-by autocorrelation and power analyses-the minimum number of days of FI required to estimate MEI within various levels of accuracy.
One DIO-AL mouse died during the study and data from one CON-AL mouse were not included due to malfunction of the calorimetry chamber. Aspects of this study have been described previously. 7 All protocols were approved by the Columbia University Institutional Animal Care and Use Committee. On day 0, day 37 and following each 72-hour calorimetry period, body composition was determined using a Bruker Minispec mouse TD-NMR analyzer (Bruker Inc., Billerica, MA, USA). 8 All body composition measurements were made at 0800-0900 hours, before weight-reduced animals were fed.
Measures of MEI and EE (TEE)
MEI was recorded every 2 days for the ad libitum-fed mice. For WR mice, MEI was recorded daily and 1/3 and 2/3 of the daily food ration was provided at 0800-0830 hours and 1830-1900 hours, respectively. EE was measured with a LabMaster-CaloSys-Calorimetry System (TSE Systems, Bad Homburg, Germany). Calibration of the system was performed as per the manufacturer's guidelines. The rates of O 2 consumption and CO 2 production were measured every 14 min during a 72-h period. In calculating TEE, potential confounds due to stress of being placed in calorimetry chambers was minimized by using data from only the final 48 h of the 72 h period. Plot showing number of days of energy intake needed to achieve a specified accuracy true mean food intake. (Figure 1b) .
Determination of minimal duration of FI to accurately estimate MEI
To test the day-to-day independence of the MEI data collected over days 0-37 and days 67-104 (total of 65 days: Figure 1) , a condition that must be fulfilled to perform a power calculation estimating the minimum duration of FI measurements required to obtain a specific level of accuracy of MEI, an autocorrelation analysis was conducted for each animal. 11 To determine the minimum number of days required to estimate an individual animal's 24-h FI to within 5 and 10% of the mean MEI for all animals as a group, we used the relationship:
where, x is the mean 24-h food EI (over 65 days) of each of the 15 AL mice and y is a specified degree of error expressed as a percentage. The product of mean MEI for a mouse and the selected level of error (5 and 10% for each mouse) is related to an estimate of the 95% confidence interval for the s.e.m.
( 1:96s ffiffi n p ) of the mean MEI for each AL-fed mouse where s is the standard deviation for MEI and n is the number of days of measured EI. x and s were estimated for each mouse using the entire 65-day period during which MEI was measured. Here we arbitrarily stipulated that the s.e.m. for any mouse should be p5 or 10% of the mean (that is, 0.05 or 0.10* x) and then solved for the requisite n (number of days of FI measurement) for each mouse. Mean±s.e.m. and confidence intervals were constructed for the estimates of n obtained for the 15 AL mice using both 5 and 10% error in equation above. By using Equation 3 and solving for all y% (assigning n in unit integers from n 1 yn 67 ), a plot was constructed for 15 AL mice, indicating the number of days of EI needed to obtain a given level of accuracy of EE (Figure 1e ).
Statistical analysis
Data analysis was performed using JMP 8.0.2 Statistical Discovery Software (SAS Institute, Cary, NC, USA). Student's t-test for paired samples was used to assess differences in estimates of TEE bal and TEE IC .
RESULTS
In this study, we describe an EBM using FI and changes in body weight and composition to determine mean total 24-h EE (TEE bal ) and validate its use by comparing these results with indirect calorimetry (TEE IC ) (Figure 1a) . TEE IC vs TEE bal : correlation analysis Estimates of TEE IC and TEE bal (37-day measurement) were highly correlated (TEE bal ¼ 1.07*TEE IC -0.22, r 2 ¼ 0.87; Po0.0001; Figure 1b) . No significant differences between TEE IC and TEE bal were identified by direct t-test comparison (P ¼ 0.60) and by paired t-test analysis using only WR mice, whose FI is the most precisely known since rations-that were completely consumed-were provided by us twice daily (P ¼ 0.65).
TEE IC vs TEE bal : Bland-Altman and relative mean differences plots A Bland-Altman plot (aka Tukey difference mean plot 12 ), a method used to assess the concordance between two methods measuring the same variable, indicates that TEE bal estimates are slightly but significantly higher (4.6 ± 1.5%; Po0.05) than TEE IC estimates (Bias ¼ 0.55 kcal per 24 h; see solid black line Figure 1c ) when including all groups of animals. A relative mean difference value for each mouse was calculated by dividing the difference between the methods (TEE bal -TEE IC ) by TEE IC for each pair of measures (Figure 1d ). Close agreement was found between estimates of TEE bal and TEE IC , in both absolute (mean difference of 0.56±0.18 kcal per 24 h; 95% CI: 0.2-0.9 kcal per 24 h; Figure 1c ) and relative (mean difference of 4.9 ± 1.4%; 95% CI: 1.9-9.3%; Figure 1d ) terms.
Duration of MEI required
Temporal analyses revealed strong and significant (Po0.01) autocorrelation of daily EI in the WR but not the AL mice, presumably because, in the WR, food rations were adjusted daily in 0.1 g units based on the previous days ration and intercurrent changes in body weight. No autocorrelation was detected for AL mice (n ¼ 15)-establishing the independence and randomness of the FI measurements in mice from these groups. Therefore, power calculations were conducted using Equation 3 on AL mice only. The average minimal days required for AL mice to fall within 10 and 5% of the mean was 4.3 ± 0.5 (CI: 3.3-5.3) and 17.2 ± 1.9 (CI: 13.1-21.4) days, respectively. Twenty one days of continuous EI measurements provide 95% confidence that the surrogate measure of EI will be within 5% of 'true' mean EI for that animal and can be used in conjunction with intercurrent changes in body composition over the time period MEI was measured (using Equation 2) to estimate TEE bal (Figure 1e ).
Body weight and body composition used in TEE bal During the 37-day TEE bal measurement, body weight increased slightly in DIO-AL ( þ 0.6 g), DIO-WR ( þ 0.5 g) and CON-AL ( þ 0.4 g) but was unchanged in CON-WR mice. Most of the increased body weight was accounted for by increased FM. The changes in body composition fell within the range of the sensitivity of the nuclear magnetic resonance (NMR) device. We have previously shown that NMR estimates of FFM and FM are virtually identical to chemical composition analysis (r 2 ¼ 0.99 for both FM and FFM; Po0.05) and intra-individual within-day CV (four measurements per mouse) were 2.8 ± 2.7% (CI: 0.0-10.0) for FM and 2.2±1.0 (CI: 0.6-5.0)% for FFM. 8 
DISCUSSION
The strong correlation between TEE bal and TEE IC (r 2 ¼ 0.87; Po0.0001) indicates that the TEE bal method-using EI and changes in somatic mass and composition-can provide a valid estimate of long-term TEE (Figure 1b) . The Bland-Altman plotused to assess the degree of agreement between the two measures 13 -indicates that the methods are closely concordant. The two methods differ by only 0.55 kcal per 24 h (4.6 ± 1.8%) (see bias; Figure 1c ). Four out of seven DIO-AL mice showed a difference between TEE bal and TEE IC greater than 10%, whereas only two mice from all other groups (total ¼ 23) combined showed such a difference (Figure 1d) . The larger differences seen in the DIO-AL group may be the result of the friability of the highfat diet-fragments of which are easily concealed in the bedding-potentially leading to overestimates of ad libitum FI. This problem is minimized when using less friable diets, and is reflected in the smaller range of relative mean differences seen in the CON diet-fed groups of mice (Figure 1d ). When the four DIO-AL mice that showed a greater than 10% difference between estimates of TEE are excluded from the analysis, the correlation between methods is improved (TEE bal ¼ 0.91*TEE IC þ 1.22, r 2 ¼ 0.92; Po0.0001) and the difference between methods is decreased (bias ¼ 0.21 kcal per 24 h). TEE bal has advantages over TEE IC . Indirect calorimetry systems require that mice be transferred from home cages to specialized units whose novelty can create stress and/or behavioral changes. Logistical considerations frequently limit the duration of calorimetry studies to 48-72 h. Balance measurements can be Energy balance technique in mice Y Ravussin et al conducted over extended periods of time with animals in their home cages. Long duration studies conducted in this way will detect subtle differences in EE not detectable by short-term calorimetry. However, the balance technique cannot assess diurnal variations in EE or directly determine respiratory quotient (which could, however, be estimated from diet composition and changes in body composition).
The power analyses using AL-fed mice only suggests that 21 days of FI measurements will provide a measure of MEI to within±5% of true mean 95% of the time (Figure 1e ). This estimate is quite conservative and therefore shorter time periods may be acceptable depending on experimental requirements and the accuracy of FI measurements.
Additional considerations Accuracy of body composition measures are critical for correctly estimating EE using TEE bal technique with these errors being amplified as the number of days of measured FI decreases. 8 The accuracy and precision of the Bruker Minispec TD-NMR is sufficient to detect the changes in body composition observed in most of our cohort of mice (Table 1) . 8 A consideration in assessing the general applicability of the current study is the relatively small change in body weight observed in many of the animals during the course of the TEE bal measurements. As a result, some of the changes in body composition (hence, somatic energy content) fell within the margin of error of the NMR. In studying animal during dynamic periods of weight change due to diet or other manipulations, this technique would be very apt, as the changes in somatic energy stores are likely to be relatively large. 5 We used 37 days for the TEE bal calculation, a sufficiently long time period to accurately estimate EI as it is longer than the estimated 21 days calculated to be within 5% of mean MEI (Figure 1e) . Some of the discrepancies between TEE bal and TEE IC , especially in the DIO-AL group, may be a result of the overestimation of MEI due to the fragility of the HFD as mentioned above. Feeding strategies aimed at minimizing inaccuracies due to inadvertent loss of diet will diminish such confounds. As suitable controls are generally studied in parallel, these effects are usually minimized in terms of their influence on inferences reached regarding the biology under study. An additional consideration is differences in the efficiency of extraction of calories from the diet. Fecal energy loss could have differed between the WR and AL groups; however, several studies have shown that there is no appreciable difference in the capacity of extraction of calories between WR and AL rodents. [14] [15] [16] However, if animals ingesting diets of different compositions are compared, possible differences in the efficiency of caloric extraction would need to be measured and accounted for in relevant calculations. Likewise, loss of calories in the urine of diabetic or nephropathic animals would have to be included. For example, C57BL/6J can become transiently hyperglycemic when made obese. 17 In the animals reported here, blood glucose concentrations did not exceed 125 ± 3 mg dl À 1 , indicating that urinary glucose loss was not an issue. Ambient room temperature has large effects on EE in mice due to their high surface to volume ratio 18 and should be considered when designing studies assessing EE and/or EI parameters.
Finally, indirect calorimetry-the nominal 'gold standard' for measurement of EE-has technical limitations affecting both the sensitivity and accuracy of the instruments. 19 Differences in estimated TEE observed between TEE bal and TEE IC are necessarily the product of aggregate errors in all measurements obtained to permit the comparison.
The approach described here can, of course, also be used to estimate long-term spontaneous EI by using direct measures of TEE and body composition and solving Equation 2 for MEI. Serial measurements of TEE and body composition would be best, to control for intercurrent changes in both parameters due to growth. In humans, the determination of ad libitum EI to the level of accuracy required to assess the relative contributions of EI and expenditure to weight change using currently available methods is sufficiently inaccurate 20 to render such measures of little help in assessing the subtle long-term imbalances between EI and expenditure that account for most obesity in humans. 21 By combining long-term measurements of EE (differential rates of excretion of 2 H 2 O and H 2 18 O) with precise measurements of body composition, the energy balance equation can be 'solved' for EI. 3, 22 This approach could be tested for accuracy by conducting such a study in a room calorimeter in conjunction with bomb calorimetry of a weighed diet. 
